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Using splines to analyse latency in the Colorado
Plateau uranium miners cohort
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Background Different approaches have been proposed to
investigate latency in epidemiologic studies where
detailed exposure histories are available.

Methods We demonstrate the application of a flexible, yet
parsimonious, spline function model to investigate
latency patterns for radon progeny exposure and lung
cancer in the Colorado Plateau uranium miners cohort.
The model extends a previously proposed bilinear
model.

Results The excess relative risk (ERR) reached a maxi-
mum of 0.6 per 100 working level months, for expo-
sures received 14 years previously. The ERR then

declined, and was estimated to approach zero for expo-
sures received 35 years and more in the past. The point-
wise 95% confidence intervals supported ERRs > 0 for
the period 9-32 years before the event. The estimated
latency curve was homogeneous across categories of
attained age, duration of exposure, rate of exposure, and
smoking.

Conclusions The proposed spline model is a flexible tool
for latency analyses, and extends previously used
methods.

Keywords lung cancer, radon, nested case-control, latency,
spline.
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Introduction

Disease latency refers to the interval between an incre-
ment of exposure and a subsequent change in an indi-
vidual’s risk. This implies that the risk from a certain
exposure history does not depend on cumulative expo-
sure alone, but also on the timing of exposure. It can be
expected that risk varies smoothly over time, and this
variation can be described by a latency curve.

We applied a spline function model to data from a
cohort study of Colorado Plateau uranium miners, to
investigate the relation between occupational radon
progeny exposure and lung cancer. Splines are piece-
wise polynomial functions and have been described ear-
lier by de Boor!. Theoretically, latency patterns could be
described by estimating separate risk parameters for
exposures received in each year prior to current age.
However, the number of parameters would be large, and
all the parameters could not be estimated, due to limited
data and high correlations. Spline functions are used to
reduce the large number of parameters that would have
to be estimated in such a nonparametric approach.
Cubic splines induce only mild restrictions, while
retaining great flexibility for approximating smooth
functions. The model that includes total cumulative
exposure, which corresponds to a constant latency
curve, is nested within the spline formulation. Other
approaches to analyse latency in epidemiologic studies

include simple exploratory techniques?? or the bilinear
model developed by Langholz et al.*

We briefly describe the spline function model and
apply it to the Colorado Plateau uranium miners
cohort. The results are compared with those obtained
by Langholz et al.* using the bilinear model.

Materials and methods

The Colorado Plateau uranium miners cohort study
The Colorado Plateau uranium miners cohort was
assembled to study the effeccts of occupational expo-
sure to radioactive radon gas and its progeny, and smok-
ing, on lung cancer mortality. The cohort has been
described in detail* and consists of male miners recruit-
ed between 1950 and 1960. The cohort was traced for
vital status through to the end of 1990. We limited our
analysis to white males.

We used the nested case-control data described by
Langholz et al* This data set was drawn from the
cohort of 2704 miners, including 263 lung-cancer
deaths. For each lung-cancer death, 40 controls (or
fewer if necessary) were randomly selected from those
who were in the study at the age of death of the case and
had attained the age of death of the case during the same
5-year calendar period. Subjects were allowed to serve
as controls for more than one case. The analysis data set
consisted of 10 322 individuals, including 263 cases.
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Annual exposure to radon and its decay products in
working level months (WLM) was estimated based on
measurements taken or estimated in the mines. One
working level (WL) equals any combination of radon
progeny in 1L of air that results in the ultimate emission
of 130 000 MeV of energy from a-particles. WLM is a
time-integrated exposure measure and is the product of
time in units of working months, which is taken to be
170 h, and WL. No measurements were recorded prior to
1950, so the analysis was restricted to those miners who
began working in the mines after this date. Details of the
exposure reconstruction are available in a technical
report>. We did not use exposures in the first and second
year prior to the death of the case, or the corresponding
age for the control, to avoid including exposures that
may have been affected by the individual's disease.

Statistical analysis

Linear excess relative risk (ERR) models were fitted,
using conditional likelihood regression. Exposure to
radon progeny was included as total cumulative expo-
sure in WLM. A ‘piecewise constant model’ used cumu-
lative exposure during six time intervals as separate
continuous covariates (3-5, 6-10, 11-15, 16-20, 21-30,
and 31-40 years ago). Wald confidence intervals (CI)
were calculated unless otherwise noted. Nested models
were compared by likelihood ratio (LR) tests.

The spline model

Individual exposure histories from age at death or cur-
rent age, to 40 years prior, were used to estimate the
ERR of yearly exposure to radon progeny. Let x(#) be
the WLM exposure during the year from -1 to ¢ years
prior to the death of a case, or the corresponding age for
a control. For example, for an individual with attained
age 52.4, x(1) is the WLM exposure from age 51.4
through 52.4, and so forth. Yearly exposures x(1) and
x(2) were set to zero in analyses to account for a 2-year
lag period.

Thus, x(3), . . ., x(40) represent the exposure history,
and £% x() is cumulative WLM. We start with the
general model for the relative risk (RR), RR = 1 + L%,
0 x(t), where 0, ..., 6,, are parameters that fully
describe the latency curve. In general, data will be insuf-
ficient to estimate the full set of parameters, 0, . . ., 8,
Our approach is then to apply mild constraints to the ,’s
and estimate a functional form that describes their
behaviour. Suppose RR = 1 + Z2 s(1;,6)x(r), where
s(t;0) is a function of time ¢ and a parameter vector §
that models the year-specific ERR per WLM, i.e. s(t;0)
is the ERR per WLM received ¢ years in the past. The
weighted sumn Z%% 5(#;0)x(r) represents the ERR for the
exposure profile x(3), . . . , x(40) compared to a zero
profile, i.e., a non-exposed individual.

A cubic B-spline is used to model s(#;6).° Splines are
smooth (i.e. continuously differentiable) piecewise poly-
nomial functions. They are segmented by interior knots.
Cubic splines have certain optimal properties for the
approximation of curves!. The parameters cannot be
interpreted directly, but the estimated spline function
and corresponding Cls can be plotted.

Spline models with different number and placement
of knots are not nested. The number and placement of
knots cannot therefore be evaluated by LR tests. To
assure a smooth curve and to avoid over-fitting, we con-
sidered cubic splines with a small number of interior
knots. Two approaches were applied to determine the
placement of knots. A profile likelihood search was per-
formed for one interior knot by evaluating the deviance
of models for a series of possible knot locations. This
approach is computationally cumbersome for multiple
knots. Alternatively, knot positions were selected such
that the study population accumulated approximately
constant proportions of its cumulative exposure between
two adjacent knots. For a cubic spline with one interior
knot, five spline parameters have to be estimated and the
knot position has to be determined. For details see
Appendix.

The simple linear ERR model in cumulative exposure
is included in the spline model when the function is
constant over time, that is s(#;§) = B for all . In this
case, f§ is the ERR per WLM. A LR test was performed
to test whether the data were consistent, with no varia-
tion in the year-specific risk, i.e., cumulative exposure.
The spline model was extended by including parameters
7;in the model RR = 1 + 7 2:103 s(t;0)x(d) to evaluate
effect modification for attained age, duration of expo-
sure, rate of exposure, and smoking. This was accom-
plished by categorising each factor by tertiles of the
case distribution. LR tests were used to test homogene-
ity of the multiplicative shift parameters y, across cate-
gories of these variables. All models for the evaluation
of smoking as a potential effect modifier also included a
multiplicative adjustment to the baseline J,, RR = §[1
+9; 2 s(50)x(1)], to allow for a main effect of smok-
ing. Effect modification was further evaluated by allow-
ing for different spline functions for categories of
potential effect modifiers, RR =1 + v, £ s(1;6)x(p),
with different sets of spline parameters ¢, and hence
latency curves, for each category i of the potential effect
modifier.

Results

Descriptive information for radon progeny exposure and
smoking is given in Table 1. Cases had higher total
exposure than controls. There was substantial variation
in timing of exposure; however, this variation was simi-
lar in cases and controls. Mean exposure rate among
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Table 1 Descriptive statistics of radon progeny and smoking exposure by cases and controls and age, from the Colorado Plateau

uranium minders’ data

Age < 60 Age = 60
Controls Cases Controls Cases

Number of records® 5360 134 4699 129
Total cumulative WLM 3-40 years of latency®

25% percentile 150 478 160 302

50% percentile 372 946 383 679

75% percentile 814 1957 806 1154
Cumulative radon 3-10 years of latency’

No exposure 72% 63% 86% 82%

Median (WLM) among exposed 143 174 89 101
Cumulative radon 11-20 years of latency®

No exposure 41% 33% 53% 42%

Median (WLM) among exposed 168 437 184 286
Cumulative radon 21-40 years of latency”

No exposure 38% 31% 23% . 19%

Median (WLM) among exposed 309 691 323 622
Timing of cumulative exposure®

= 90% in 3-20 years of latency 41% 41% 25% 22%

= 90% in 2140 years of latency 42% 40% 59% 58%

< 90% in either 17% 19% 16% 20%
Exposure rate during 3-40 years of latency’? (WL)?

25% percentile 3.0 6.1 32 4.5

50% percentile 5.7 8.8 6.0 6.8

75% percentile 9.8 13.6 10.1 11.2
Smoking

Nonsmokers 22% 7% 23% 11%
Amount smoked among smokers (100s of packs)

25% percentile 81 83 104 134

50% percentile 116 113 155 165

75% percentile 141 145 190 208

“Subjects may be controls in multiple case-control sets.
bYears of latency = years before exit from the cohort.

Based on the percentage of total exposure within the latency period.

Computed as the total exposure during 340 years of latency divided by the time exposed.

cases and controls by calendar time is shown for cate-
gories of attained age in Figure 1. Cases had higher
exposure rates than controls. Yearly mean exposure in
controls was generally constant over calendar time and
across age groups. Yearly mean exposure in cases was
higher after 1960 compared with before 1960 for

attained ages less than 60 years, and the reverse for
attained ages = 60 years.

Table 2 presents deviances for several models. The
linear ERR model using total cumulative WLM resulted
in an estimated ERR of 0.28 per 100 WLM (95% LR
CI: 0.16, 0.51). The piecewise constant model did not fit
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Fig. 1. Yearly mean radon progeny exposure (WLM) among Colorado Plateau uranium miners Jor cases (solid line) and controls

(dashed line) by groups of attained age on calendar-year scale.

significantly better than the total cumulative exposure
model (LR test, p = 0.13), suggesting no variation in
effects with time since exposure. The estimated ERR
per 100 WLLM were 0.24, 0.44, 0.47, 0.62, 0.30 and
0.08, for exposures received 3-5, 6-10, 11-15, 16-20,
21-30, and 31-40 years ago, respectively. The results
are displayed in Figure 2.

For the spline model with one interior knot, the
deviance increased with knot location over the entire
range from 3 to 40 years prior, with a total change in
deviance of 0.5. The maximum likelihood estimate for
the interior knot therefore lies on the left boundary of
the interval. As a consequence, we fitted a cubic spline
function with no interior knot, i.e. a cubic polynomial,
to the data. This model fitted the data significantly
better than total cumulative exposure (p = 0.007, see
Table 2).

The spline model with no interior knot is shown in
Figure 2. The ERR estimated by the spline function
reached a maximum of 0.6 per 100 WLM for exposures

1.5
—— Cubic spline with no interior knot
and 95% pointwise Cl
125 | - - - Piecewise constant

ERR/ 100 WLM
e
a

Latency (years)

Fig. 2. Excess relative lung cancer risk for the Colorado
Plateau uranium miners as a function of latency, based on a
piecewise constant model and a cubic spline with no interior
knot.
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Table 2 Analysis of deviance for comparison of latency models using conditional regression

5 Model Likelihood ratio®
. Model DF Deviance Statistic DF P
* Cumulative exposure 1815.8 - - -
Piecewise constant 6 1807.3 8.5 5 0.13
Cubic spline
No interior knot 4 1803.7 12.1 3 0.007
1 interior knot at 4 years? 5 1803.2 12.6 4 0.013
1 interior knot at 20 years¢ 5 1803.7 12.1 4 0.017
2 interior knots at 15, 24 years? 6 1803.6 12.2 5 0.032

9Compared with the cumulative exposure model.

b ocation of knot based on profile likelihood search, estimation of knot location not included in degrees of freedom.

Location of knot based on the median of total cumulative cohort exposure over time.

4Location of knot based on tertiles of total cumulative cohort exposure over time.

received 14 years prior, then declined and approached
zero at = 35 years before the event. The pointwise 95%
CI supported ERRs > 0 for the period 9-32 years
before the event. As an example, consider two individu-
als with the same exposure profile except for a differ-
ence of 100 WLM at 20 years of latency. The individual
with the higher exposure has an ERR of about 0.5 com-
pared with the other individual. If the difference occurs
at different years of latency, the ERR changes. The ERR
for an exposure profile compared with a zero profile, i.e.
a non-exposed individual, can be obtained from the fig-
ure by multiplying each yearly WLM with the ERR per
WLM for that year of latency and summing up. Note
that the spline function agrees closely with the piece-
wise constant function. The likelihood was flat as a
function of the position of the single interior knot, i.e.

1 knot at profile MLE 1

there was no strong need for a single interior knot. How-
ever, we explored spline models with one and more inte-
rior knots. The knots were placed according to median,
tertiles and quartiles of the total cumulative cohort expo-
sure over time, as explained in the Appendix. Table 2
shows the deviances for those models with one and two
interior knots. As expected, the fit did not substantially
improve with inclusion of additional knots. Figure 3 dis-
plays the estimated spline functions with one and two
interior knots with pointwise 95% CI. All curves are
very similar to the most parsimonious spline model with
no interior knot.

Table 3 shows the effects of including multiplicative
parameters for various effect modifiers into the cumula-
tive exposure model and the spline model with no interi-
or knot. In the cumulative exposure model, there was

knot at ‘median’ 2 knots at 'tertiles'

1.5

3
2
8
£ 05
w

0

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Latency (years) Latency (years) Latency (years)

Fig. 3. Excess relative lung cancer risk for the Colorado Plateau uranium miners as a function of latency, based on a cubic spline
with different numbers and locations of interior knots (indicated by circles) and pointwise 95% CI (shaded area).
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Table 3 Comparison of effect modifying factors for the linear excess relative risk model with cumulative exposure and the cubic

spline function with no interior knot

Cumulative model
Modifying variable RR Deviance®
Attained age (years)
<55 1.0 1805.6
55-64 0.7
=65 0.1
LR P¢ 0.006
Duration® (years)
<7 1.0 1801.0
7-10 2.1
=11 35
LR P4 0.0006
Exposure ratee (WL)
<6 1.0 1800.1
6-10 0.9
=11 0.4
LR P4 0.0004
Smoking (packs)
< 10 000 1.0 1788.8
10 000-15 999 0.4
= 16 000 03
LR P4 0.22

Spline model LR
Deviance? Pe

1.0

1.1

0.3
0.23

1800.8 0.19

1.0

2.0

3.0
0.001

1790.5 0.01

1.0 1793.2
1.0 <
0.5

0.005

0.08

1.0 0.02
0.6
0.9

0.61

1778.5

“Deviance of cumulative model without effect modifier is 1815.8 when smoking is not included as a main effect, 1791.8 otherwise

®Deviance of cubic spline model without effect modifier is 1803.7, when smoking is not included as a main effect, 1779.5 otherwise

“Likelihood ratio test of goodness of fit: cumulative model including effect modifier vs. spline model including effect modifier

4Likelihood ratio test of homogeneity

“Based on 3 to 40 years prior to the death of the case or the corresponding age for the control.

strong evidence for effect-modification of cumulative
radon progeny exposure by categories of attained age,
duration and exposure rate (p =< 0.006), but not for
smoking (p = 0.22). This is consistent with other analy-
ses on the Colorado data’. There is no evidence in the
spline model for heterogeneity of the multiplicative shift
with attained age (p = 0.23); for duration and exposure
rate homogereity is still rejected (p = 0.001 and p=
0.005, respectively). In evaluating the shape of the
latency curve, tests of homogeneity of the spline func-
tion parameters across categories of attained age, dura-
tion, exposure rate, and smoking were not significant
(p > 0.4, not shown).

Table 3 also shows a comparison of the spline func-
tion model with the cumulative model, after allowing
for different multiplicative effect modifier parameters.

The spline model did not fit significantly better than the
cumulative exposure model when a multiplicative shift
parameter for attained age (p = 0.19) or exposure rate
(» = 0.08) was included in both models. However, the
spline model did fit significantly better than the cumula-
tive exposure model when a multiplicative shift parame-
ter for duration (p = 0.01) or smoking @ = 0.02) was
included.

Discussion

The analysis of latency in epidemiologic studies
requires exposure histories that vary over time. The
descriptive statistics, as well as the graphical display
of yearly mean radon progeny levels, showed sub-
stantial variation in timing of exposure in this data
set.
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The order of the spline and the number and place-
ment of the knots cannot be easily determined ‘automat-
ically’. To produce the most parsimonious smooth
latency curve, we recommend a cubic spline with a
small number of knots to allow adequate flexibility and
yet avoid over-fitting. This could be done through an
exploratory grid search. For testing, especially for dif-
ferences in latency shape over levels of an effect modifi-
cation variable, we suggest minimising the number of
knots to the number that well represents the curve. From
our experience, there was rarely a need to consider more
than three knots.

Fitting cubic spline models with multiple knots did
not show a strong decrease in deviance in the Colorado
data. We also conducted a sensitivity analysis to exam-
ine whether the cubic spline model was sensitive to our
choice of maximum latency. Cubic spline weight func-
tions were nearly identical for models with latencies of
30, 35 or 40 years.

It has to be noted that there were some numerical
problems during the course of the analysis. It was not
always possible to fit models that allow for different sets
of spline parameters for categories of effect modifier
variables, especially for splines with two or more interi-
or knots. These convergence problems may have been
due to the small number of cases compared to the large
number of degrees of freedom. The latency curves that
we were able to fit for categories of effect modifier vari-
ables (with one or no interior knot) tended to exhibit
erratic tail behaviours, probably due to scarcity of data
at the boundaries. We would like to point out that the
boundaries of these latency curves are estimated with
less precision (and hence have wider confidence limits).
Further research is needed to explore splines that are
constrained to be less flexible at the data boundaries.

Langholz et al.* applied a bilinear model to the same
data set. Instead of a cubic spline function they used a
more restrictive bilinear function. Their model was char-
acterised by three time-points on the latency scale.
There is no effect from exposures received up to time
o, ie, ERR =0fort =< o, The effect then increases
linearly with time prior to the event, reaching a peak o,
years in the past, and decreases linearly thereafter,
reaching zero at at, years in the past, i.e. ERR = 0 for ¢
= o,. The bilinear model is included in the general
class of spline models, namely as a subset of linear
splines with two interior knots and with the constraint
that the spline function is everywhere non-negative.
However, the parametrisation chosen by Langholz et al.*
is different from our framework and requires more
restrictive assumptions.

An evaluation of the latency function by categories of
several variables showed no evidence for heterogeneity
of the latency curve with attained age, duration of expo-

sure, rate of exposure, and smoking. For age, this is con-
trary to the results obtained by Langholz et al., who
found different latency patterns for individuals younger
than 60 years versus individuals older than 60 years. In
their subsequent analysis of four age groups, the peak
was estimated to be larger and earlier for younger sub-
jects (ERR 0.74-1.02 per 100 WLM around 10 years in
the past) than for older subjects (ERR 0.10-0.14 per 100
WLM around 20 years in the past). The linear slope of
the decrease of risk was approximately the same for all
age groups (ERR decreased by about 0.02 per year after
the peak), so that risk reached the background level ear-
lier for older subjects (around 30 years in the past) com-
pared with younger subjects (around 50 years in the
past). However, these estimates were unstable because
of the relatively small number of cases in each age
group. The fact that there was no evidence for hetero-
geneity in the spline function may have been due to the
greater flexibility of the spline as compared with the
bilinear function, to the larger number of degress of
freedom in the spline tests, or to the overall better fit for
the spline model.

Uncertainties in exposure assessment may become
especially apparent when detailed exposure histories are
used. It can be expected that the exposure levels report-
ed for the miners are less accurate farther into the past
because measurements typically became more frequent
and systematic with time. Langholz et al.# applied the
bilinear model to measurement-error-adjusted exposure
data generated by Stram et al.8. The latency curve para-
meters did not change much compared with the original,
unadjusted exposure data. This suggests that, in this
cohort, the estimated latency pattern is not affected by
measurement error. In summary, the spline function is a
flexible yet parsimonious approach for the investigation
of latency patterns, as demonstrated with radon progeny
exposure and lung cancer in the Colorado Plateau uranium
miners cohort.
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Appendix

Spline function estimation

The function s(z;6) is modeled using a B-spline, as
described by de Boor!. A spline of order k on the inter-
val [a,b] consists of polynomials of order k on the m +
1 segments defined by m inner knots a <, <... <t
< b. Adjacent polynomials are smoothly joined, so that
the polynomials and their first and second derivatives
agree at the knots.

Using a numerically favorable representation of
splines, the space of splines can be spanned with m + k
basis functions B(#), called B-splines. The knot list has
to be augmented by 2k associated arbitrary ‘slack’
knots. Without loss of generality, let t_ =@~ k—=1),
g-p=a- k=2),...,8= aand?, ., = b,t, .,
=b+1,...t, ., =bt+tk-1

Starting with B, (1) = 1if ;= <1, | and zero oth-
erwise, the B-spline basis functions are defined by the
recurrence relation:

t—t. t. -t
B)=——— B, + —E B ® D

Livk-17"% bk li+1

The spline function has the form s(#;6) = ™, _ ~k=1
6,B,,(1). Calculations were performed in EPICURE’.
The spline parameters were estimated by maximising
the likelihood function.

When the best location of a single interior knot was
estimated by a profile likelihood search, the maximum
likelihood estimator was determined by evaluating the
likelihood function for the series a + 1,a + 2, . . |,
b — 1 of possible locations of the single interior knot.
It has to be noted that the pointwise confidence intervals
for the estimated spline function do not include the
added variability from estimating the knot position
(Figure 3, left panel).

Alternatively, for m inner knots and thus m + 1
intervals, knot locations were chosen such that each
interval included 1/(m + 1) X 100% of the total cumu-
lative study population exposure. More precisely: the jth
knot ¢, was chosen so that ¢, = max {t =a, ..., bl L2,
L x (D E2 Eh L x (D= ( — Di(m + 1)}, where n
is the number of subjects in the study. The computer
code for all analyses is available from the first author.

For the cubic spline (k = 4) with no interior knot
(m = 0) between a = 3 and b = 40, four spline para-
meters had to be estimated. They were 6 =
(0.00116,0.0127, — 0.000757, — 0.0000468) with stan-
dard deviations &(f) = (0.00471, 0.00578, 0.00273,
0.000811).



